Journal  of  Power  Sources  227  (2013)  229-236 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


P  r*! 

Sbb..«ltS 


Improvement  of  proton  exchange  membrane  fuel  cells  performance  by  coating 
hygroscopic  zinc  oxide  on  the  anodic  catalyst  layer 

Rong-Hsin  Huang  a,  Tsai-Wei  Chiu  a,  Tien-Jen  Lin  a,  Chung-Hsing  Sun  a,  Wen-Kai  Chao  a,  Du-Cheng  Tsai a, 
Kan-Lin  Hsuehb,  Fuh-Sheng  Shieua  * 

a  Department  of  Materials  Science  and  Engineering,  National  Chung  Hsing  University,  Taichung  40227,  Taiwan 
b  Department  of  Energy  Engineering,  National  United  University,  Miaoli  36003,  Taiwan 


HIGHLIGHTS 


►  Low-amount  hygroscopic  ZnO  can  be  prepared  by  sputtering  deposition. 

►  ZnO  nanoparticles  were  well  coated  on  the  catalyst  layer  by  sputter  deposition. 

►  ZnO  quantity  controlled  the  wettability  of  the  ZnO/PtC  anode  catalyst  layer. 

►  MEA  exploit  with  ZnO  (0.46  and  0.53  wt.%)  addition  was  better  than  that  without  ZnO. 

►  MEA30  capacity  was  43.91%  higher  than  that  of  MEAO  at  45  °C  anode  temperature. 
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This  study  proposes  that  hygroscopic  zinc  oxide  (ZnO)  nanoparticles,  added  to  the  anodic  catalyst  layer  as 
a  water  adsorbent  by  using  sputtering  deposition,  improves  the  hydration  of  the  anode  under  dehydrated 
conditions,  thereby  enhancing  the  performance  of  proton  exchange  membrane  fuel  cells  (PEMFCs). 
Scanning  electron  microscopy  analysis  indicates  that  the  size  of  the  ZnO  nanoparticles  ranges  between  5 
nm  and  20  nm  on  the  Si-substrate  and  aggregates  on  the  platinum/carbon  (PtC)  catalyst  layer  with  ZnO. 
The  ZnO  content  of  the  ZnO/PtC  catalyst  is  estimated  by  inductively  coupled  plasma-atomic  emission 
spectra.  Water  contact  angle  analyzes  show  the  hydrophilicity  of  the  ZnO/PtC  catalyst.  Single  cell 
performance  with  various  amounts  of  ZnO  nanoparticles  in  the  anode  catalyst  layer  is  investigated  at  the 
anode  humidifier  temperatures  of  25  °C,  45  °C,  and  65  °C.  The  cell  and  cathode  humidifier  temperatures 
are  fixed  at  60  °C  and  65  °C,  respectively.  The  membrane-electrode  assembly  (MEA30)  with  0.45  wt.% 
ZnO  in  the  anode  catalyst  layer  revealed  the  best  performance  at  anode  humidifier  temperatures  45  °C 
and  65  °C,  with  power  densities  43.91%  and  25.80%  higher  than  those  without  ZnO,  respectively.  The 
results  show  that  anode  catalysts  with  proper  hygroscopic  ZnO  nanoparticles  are  ideal  for  PEMFCs 
applications. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  have  near-zero 
pollutant  emission,  high  power  density,  high  energy  conversion 
efficiency,  and  simple  operation  that  far  exceed  those  of  conven¬ 
tional  internal  combustion  systems  using  fossil  fuels  [1—3].  In  the 
past  decade,  PEMFCs  have  been  recognized  as  the  most  promising 
candidates  for  a  wide  range  of  applications  in  transportation  as  well 
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as  home  and  portable  devices  [4,5].  Considerable  efforts  have  been 
exerted  to  commercialize  PEMFCs.  However,  the  drying  and 
flooding  phenomena  of  a  membrane  electrode  assembly  (MEA) 
under  a  dehydration  environment  still  influence  the  performance 
of  PEMFCs.  The  drying  phenomenon  of  the  Nafion®  membrane  and 
anodic  catalyst  layer  dehydration  negatively  affect  the  proton 
conductivity,  which  results  in  the  degradation  of  cell  performance. 
Pt  activity  in  the  anode  catalyst  layer  is  also  easily  decreased  by  CO 
poisoning  under  a  low  humidification  condition,  resulting  in 
reduced  cell  performance  and  life  [6-8].  To  overcome  these  prob¬ 
lems,  a  capable  MEA  that  can  maintain  an  optimum  hydration  level 
under  dehydration  conditions  without  the  assistance  of  an  external 
humidifying  system  is  desired. 


0378-7753 /$  -  see  front  matter  ©  2012  Elsevier  B.V.  All  rights  reserved. 
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Nafion®  membrane,  a  core  unit  of  the  MEA,  supports  the 
hydrogen  proton  transmission  from  anode  to  cathode.  A  satisfac¬ 
tory  hygroscopic  ability  of  Nafion®  membrane  results  in  cell 
performance  maintenance,  life  extension,  and  Pt  CO  poisoning 
resistance.  Considerable  efforts  have  been  exerted  to  modify  MEA 
into  being  able  to  maintain  its  appropriate  wettability  to  solve  the 
aforementioned  dehydration  issues.  Several  admirable  syntheses 
have  been  carried  out;  for  example,  organic-inorganic  composite 
membranes  have  been  prepared  by  combining  hygroscopic  metal 
oxide  particles  such  as  Zr02,  Si02,  Ti02,  W03,  and  ZrP  with  Nafion® 
resin  to  maintain  the  proper  hydration  level  in  electrodes  under 
low-humidity  conditions  [9-16].  Acid  composite  membranes  have 
been  synthesized  by  combining  solid  acids  and  heteropoly  acids 
such  as  sulfonated  Zr02,  phosphotungstic  acid,  and  molybdo- 
phosphoric  acid  to  increase  the  acid  sites  that  promote  local 
migration  and  improve  proton  conductivity  [17-20].  The  cathode 
gas  diffusion  layer  (CGDL)  modification  improves  the  cell  perfor¬ 
mance  under  suitably  humidified  condition.  Williams  et  al.  [21] 
reported  the  proper  CGDL  combination  of  TGPH-120  carbon 
paper  (Toray  Corporation,  Japan)  as  macro-porous  substrate, 
Vulcan  XC-72R,  and  14%  polytetrafluorethylene,  and  Lee  et  al.  [22] 
reported  using  Fluorocarbon  material  to  modify  CGDL.  Both 
reports  showed  improvement  in  cell  performance.  By  adding 
hygroscopic  materials  such  as  Si02,  clay,  Y-AI2O3,  Ti02,  and  AB2- 
type  hydrogen  storage  alloy  to  the  hygroscopic  composite  anode 
catalyst  layer  of  a  MEA,  its  wettability  and  performance  under  low- 
humidity  conditions  can  be  improved  [23-29].  Nevertheless,  these 
hygroscopic  materials  easily  lead  to  agglomeration  by  the  improper 
handing  of  the  catalyst  layer  in  blocking  the  fuel  pathway  and 
increase  the  internal  resistance  of  the  MEA.  Consequently,  the 
performance  of  MEA  is  negatively  affected.  This  viewpoint  has  been 
reported  by  Dai  et  al.  [16].  Thus,  the  agglomeration  and  proper 
amount  of  hygroscopic  metal  oxide  nanoparticles  on  the  anode 
catalyst  surface  need  to  be  decreased,  and  the  MEA  wettability 
needs  to  be  simultaneously  maintained  to  obtain  a  versatile  MEA 
capable  of  maintaining  the  optimum  hydration  level  under  dehy¬ 
dration  conditions. 

Metal  oxides  are  widely  investigated  as  water  molecule  absor¬ 
bents  that  can  be  added  to  the  anode  catalyst  layer  to  enhance  the 
MEA  wettability.  In  particular,  zinc  oxide  (ZnO)  is  advantageous 
given  its  easy  availability,  facile  synthesis,  low  cost,  advanced 
characteristics,  and  natural  richness.  ZnO  and  ZnO-based  admix¬ 
ture  catalyst  materials  have  been  extensively  investigated  for  their 
uses  in  the  methanol  steam  reforming  of  PEMFCs  [30—35].  A 
large  number  of  studies  have  reported  the  hydrophilic  character¬ 
istics  of  ZnO  materials  [36-38].  However,  there  are  relatively  few 
studies  focusing  on  the  uniform  distribution  of  hygroscopic 
ZnO  nanoparticles  on  the  surface  of  the  platinum/carbon  black 
(PtC)  anode  catalyst  layer  by  the  sputtering  technique,  and  its 
effects  on  the  performance  of  PEMFCs.  The  present  study  investi¬ 
gates  the  feasibility  of  coating  a  few  uniformly  distributed  hygro¬ 
scopic  ZnO  nanoparticles  on  the  anodic  PtC  catalyst  layer  surface 
by  the  direct  current  sputter  deposition  system.  ZnO  nanoparticles 
were  used  as  water  adsorbents  due  to  the  Lewis  acid  sites 
distributed  all  over  their  surface,  which  maintain  the  optimum 
anode  hydration  level  under  dehydration  conditions.  The  ZnO 
nanoparticles  were  characterized  by  X-ray  diffraction  (XRD), 
scanning  electron  microscopy  (SEM),  and  transmission  electron 
microscopy  (TEM).  Three  critical  factors  of  the  anodic  ZnO/PtC 
catalyst  layer,  namely,  wettability,  electrical  resistance,  and  ZnO/ 
PtC  particle  loading,  were  also  studied.  A  polarization  test  was 
conducted  to  investigate  the  influence  of  the  anodic  PtC  catalyst 
layer  with  the  hygroscopic  ZnO  nanoparticles  at  different  anode 
humidifier  temperatures  (25,  45,  and  65  °C)  on  the  cell  perfor¬ 
mance.  The  temperatures  of  the  cell  and  cathode  humidifier  were 


both  fixed  at  60  °C.  The  polarization  measurement  was  conducted 
at  ambient  conditions. 

2.  Experimental 

2  A.  Preparation  of  the  PtC  and  ZnO/PtC  catalyst  material 

PtC  (20  wt.%)  catalyst  was  synthesized  by  the  impregnation 
method  [23,26].  The  natural  inorganic  mineral  of  sodium  mont- 
morillonite  (Nancor,  USA)  was  first  used  to  disperse  carbon  black 
(CB;  Vulcan®  XC-72,  Cabot)  in  distilled  water.  The  mixture  was  then 
ultrasonicated  for  2  h  to  obtain  finely  dispersed  CB  particles. 
Thereafter,  the  platinum  precursor  (H2PtCl6  6H20;  Alfa  Aesar, 
99.95%),  10  mL  of  1  M  NaOH,  and  10  mL  of  99.8%  methanol 
(EM-1001,  ECHO,  Chemical  Co.,  Ltd.)  were  added  to  the  aforemen¬ 
tioned  mixture,  and  stirred  at  80  °C  for  4  h  to  disperse  the  PtC 
catalysts  well.  The  as-made  PtC  catalysts  were  filtered  and  dried  in 
a  vacuum  oven  under  a  pressure  of  101.32  Pa  at  80  °C  for  6  h. 

Zinc  oxide  (ZnO)  nanoparticles  were  prepared  by  the  physical 
vapor  deposition  (PVD)  direct  current  (DC)  sputter  system.  The 
operation  parameters  are  listed  in  Table  1.  The  as-made  PtC  catalyst 
layer,  as  a  substrate,  was  prepared  with  20  wt.%  PtC  catalyst,  5  wt.% 
Nafion  solution  (DuPont),  and  alcohol  (98%,  Aldrich)  mixed 
using  an  ultrasonator  for  1  h.  The  mixture  was  sprayed  onto  the 
commercial  hydrophobic  carbon  clothes  (Beam  Associate  Co.,  Ltd.). 
The  hydrophilic  electrode  material  (ZnO/PtC)  was  prepared  by 
sputtering  the  ZnO  nanoparticle  coating  on  the  as-made  PtC  cata¬ 
lyst  layer.  The  preparation  times  of  the  ZnO/PtC  catalyst  layer  were 
30, 60,  and  90  s,  and  the  resulting  samples  were  labeled  as  ZnO/PtC- 
30  s,  ZnO/PtC-60  s,  and  ZnO/PtC-90  s,  respectively. 

2.2.  Characterizations  of  the  ZnO/PtC  catalyst  material 

The  crystal  structure  of  the  Pt  nanoparticles  was  analyzed  using 
a  MAC  MXP  III  X-ray  diffractometer  with  Cu  Ka  radiation 
(A  =  0.154  nm,  sweeping  angle  of  28  =  10°-90°,  sweeping  rate  of 
2°min-1).  The  diffraction  peaks  were  compared  with  those  in  the 
JCPDS  data  file.  The  morphology  and  distribution  of  Pt  and  ZnO 
nanoparticles  on  the  PtC  catalyst  material  were  examined  using 
a  field  emission  SEM  (FE-SEM)  system  (JEOL  6700,  Japan).  The 
distribution  of  ZnO  nanoparticles  on  the  glass  substrate  and 
selection  area  diffraction  (SAD)  of  the  ZnO  crystal  structure  were 
estimated  by  a  field  emission  TEM  (FE-TEM)  system  (JEOL  2100F, 
Japan)  operating  at  200  kV.  The  wettability  of  ZnO/PtC  catalyst  was 
determined  by  the  sessile  drop  method  (First  Ten  Angstro,  FTA 
2000,  USA).  In  addition,  some  of  the  ZnO/PtC  nanoparticles  ob¬ 
tained  from  the  top  catalyst  layer  of  the  carbon  cloth  were  mixed 
with  dry  potassium  bromide  (KBr)  powders  (ZnO/PtC:KBr  =  1 : 100) 
to  press  a  disc  for  Fourier-transform  infrared  (FTIR,  Spectrum  RXI, 
Perkin  Elmer,  U.S.A.)  analysis  in  the  diffuse  reflectance  mode.  The 
dried  KBr  was  heated  in  a  furnace  overnight  at  130  °C  to  minimize 
the  amount  of  the  adsorbed  water.  FTIR  was  used  to  detect  the 
hydrophilic  group  (-OH)  of  the  ZnO/PtC  nanoparticles  adsorbed  on 


Table  1 

Parameters  of  the  sputtered  ZnO  nanoparticles  on  the  PtC  catalyst  layer. 


Target 

ZnO 

Substrate 

Carbon  cloth  (with  PtC  on  it) 

Base  pressure 

1.0  x  10-5  torr 

Working  pressure 

1.5  x  10-3  torr 

DC  power 

125  W 

Ar 

1 0  seem 

Working  distance 

5  cm  (holder  location) 

Sputtering  time 

30,  60,  90  sec 

Operation  temperature 

Room  temperature 
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the  nanoparticle  surface.  The  weight  percentages  of  ZnO  in  the 
ZnO/PtC  catalysts  were  measured  by  inductively  coupled  plasma- 
atomic  emission  spectrometry  (ICP-AES)  system  (ICAP  9000, 
Jarrell-Ash,  USA). 

2.3.  Measurement  of  polarization  curves 

The  hydrophilic  ZnO/PtC  catalyst  served  as  the  anode  catalyst 
layer.  The  cathode  was  maintained  by  the  PtC  catalyst.  A  Nation  112 
membrane  (DuPont)  was  sequentially  pre treated  with  5  wt.%  H2O2 
(Aldrich),  deionized  (DI)  water,  1.0  M  H2SO4  (Aldrich),  and  DI  water 
at  80  °C  for  1  h.  Thereafter,  the  Nation  112  membrane  was  used  as 
a  separator  for  the  anode  and  cathode,  and  hot-pressed  under 
100  kgf  cm-2  at  100  °C  for  3  min.  The  Pt  loading  at  both  anode  and 
cathode  was  0.4  mg  cm-2,  and  the  effective  area  of  each  MEA  was 
5  cm2. 

The  hydrophilicity  of  the  ZnO/PtC-30  s,  ZnO/PtC-60  s,  and  ZnO/ 
PtC-90  s  anode  catalyst  materials  combined  with  the  no-ZnO 
nanoparticle  PtC  cathodes  labeled  as  MEA30,  MEA60,  and  MEA90, 
respectively,  was  examined.  The  anode  and  cathode  catalyst  layers 
of  MEA0  had  PtC  catalysts  without  ZnO  nanoparticles.  The  polari¬ 
zation  curves  of  the  MEAs  were  obtained  using  a  fuel  cell  work¬ 
station  (Beam  Associate  Co.,  Ltd.).  Hydrogen  and  oxygen  were 
provided  to  both  the  anode  and  cathode  at  a  streaming  rate  of 
50  seem.  The  performances  of  the  MEAs  were  characterized  under 
a  potential  sweep  rate  of  0.56  V  min-1  at  the  anode  humidifier 
temperatures  of  25, 45,  and  65  °C  using  a  fuel  cell  workstation.  The 
temperatures  of  the  cell  and  cathode  humidifier  were  maintained 
at  60  and  65  °C,  respectively.  The  polarization  test  was  performed 
under  ambient  conditions. 

3.  Results  and  discussion 

3.1.  Characterization  of  the  ZnO/PtC  catalyst 

Fig.  1  shows  the  wide-angle  XRD  spectra  of  the  20  wt.%  PtC  and 
ZnO/PtC  catalysts.  The  diffraction  peaks  of  Pt  were  observed  at 
26  =  39.85°,  46.19°,  67.74°,  and  81.52°,  corresponding  to  the  crys¬ 
talline  planes  of  Pt  at  (111),  (200),  (220),  and  (311),  respectively, 
compared  with  the  JCPDS  data  file  (No.  04-0802).  At  26  =  31.74°  and 
36.4°,  the  diffraction  peaks  of  ZnO  were  demonstrated  to 


Fig.  1.  Wide-angle  XRD  spectra  of  20  wt.%  PtC,  ZnO/PtC-30  s,  ZnO/PtC-60  s,  and  ZnO/ 
PtC-90  s  catalysts. 


correspond  to  the  crystalline  planes  of  ZnO  at  (100)  and  (101), 
respectively,  compared  with  the  JCPDS  data  file  (No.  89-1397).  At 
26  =  37.05°  and  41.55°,  Zn02  diffraction  peaks  corresponding  to 
the  Zn02  crystalline  planes  (200)  and  (210),  respectively,  were 
observed.  The  XRD  patterns  show  that  Pt  in  the  catalyst  has  a  face- 
centered  cubic  structure,  and  ZnO  nanoparticle  has  a  hexagonal 
structure.  The  existing  Zn02  composition  was  ascribed  to  the 
oxidation  of  the  sputtered  ZnO  nanoparticle  easily  occurring  under 
ambient  conditions. 

Fig.  2  shows  the  FE-SEM  images  of  the  ZnO/PtC  catalysts  and  the 
ZnO-coated  Si  substrate  with  various  sputtering  times.  The  spher¬ 
ical  morphology  and  good  dispersion  of  Pt  nanoparticles  on  the 
surface  of  CB  can  be  seen  in  Fig.  2a.  The  agglomeration  of  the 
spherical  ZnO  nanoparticles  increased  along  with  the  amount  of 
ZnO  nanoparticles  coated  on  the  PtC  catalyst  layer,  as  demonstrated 
in  Fig.  2b-d.  The  size  of  the  aggregated  ZnO  particles  ranges  from 
25  nm  to  100  nm.  For  comparison,  the  ZnO  nanoparticles  were 
coated  on  the  Si  substrate  as  a  reference.  The  size  and  aggregation 
of  the  ZnO  nanoparticles  on  Si  substrate  increased  with  increasing 
deposition  time,  as  shown  in  Fig.  2e-g.  The  size  of  the  ZnO  nano¬ 
particle  spans  from  5  nm  to  20  nm.  The  agglomeration  of  the  ZnO 
nanoparticles  on  the  PtC  catalyst  layer  is  quite  similar  to  that  on  the 
Si  substrate.  However,  the  particle  size  of  ZnO  on  the  Si  substrate  is 
smaller  than  that  of  ZnO  on  the  PtC  catalyst  layer,  which  was 
presumably  attributed  to  be  influenced  by  the  roughness  of  the 
substrate.  Fig.  3a  shows  the  TEM  image  of  the  in-house  PtC  catalyst, 
indicating  that  the  Pt  nanoparticles  in  the  PtC  catalyst  were  well 
dispersed  on  CB.  The  Pt  nanoparticle  sizes  were  estimated  to  range 
from  3.5  nm  to  18  nm.  Fig.  3b  shows  the  TEM  image  of  the  ZnO 
nanoparticle  coating  on  the  silica  substrate  (30  s  coating  time).  The 
SAD  pattern  of  ZnO  in  Fig.  3c  illustrates  the  hexagonal  structure  of 
the  ZnO  nanoparticles,  consistent  with  the  XRD  results. 

3.2.  Pt  and  Zn  contents  in  the  ZnO/PtC  catalyst 

The  Pt  and  Zn  contents  of  the  ZnO/PtC  catalyst  were  first 
determined  by  ICP-AES  before  obtaining  the  polarization  curve  of 
the  MEA  with  the  ZnO/PtC  catalyst  layer  in  the  anode.  The  results 
are  summarized  in  Table  2.  The  Pt  content  in  the  ZnO/PtC  catalyst 
was  maintained  at  ca.  59.3  ±  1.3  ppm.  The  Zn  content  in  the  ZnO/ 
PtC  catalyst  increased  with  increased  sputtering  times  (1.11,  1.24, 
and  1.74  ppm  to  30,  60,  and  90  s).  The  ZnO  content  and  weight 
percentage  in  the  ZnO/PtC  catalyst  were  estimated  by  stoichiom¬ 
etry.  The  calculation  results  are  listed  in  Table  2. 

3.3.  Hydrophilicity  of  the  ZnO/PtC  catalyst  layer 

The  hydrophilic  characteristic  of  the  ZnO/PtC  catalyst  layer  in  the 
anode  of  MEA  was  investigated  to  confirm  the  wettability  of  the  ZnO/ 
PtC  catalyst  layer.  Fig.  4  shows  the  images  of  water  droplets  on  the 
catalyst  layers  with  various  samples  of  ZnO/PtC  catalysts.  The 
average  water  contact  angles  of  ZnO/PtC-30  s,  ZnO/PtC-60  s,  and 
ZnO/PtC-90  s  were  found  to  be  41.17°,  33.08°,  and  13.75°,  respec¬ 
tively.  The  water  contact  angle  decreased  with  increased  amount  of 
ZnO  nanoparticle.  The  wettability  of  the  added  ZnO  nanoparticle 
catalyst  layer  differed  obviously  from  that  of  the  PtC  catalyst  layer 
and  was  strongly  related  to  the  amount  of  added  ZnO  nanoparticle. 
Comparisons  with  the  results  of  previous  studies  adding  Si02,  Ti02, 
and  Y-AI2O3  particles  to  the  catalyst  layer  [24,26-28]  reveal  that  ZnO 
nanoparticles  exhibit  better  wettability  than  these  oxides  for  low 
addition  amounts.  The  results  indicate  that  the  sputtering  manner  of 
the  added  water  molecule  adsorbent  coating  on  the  surface  catalyst 
layer  was  better  than  the  mixture  on  the  catalyst  layer. 

Furthermore,  the  hydrophilic  functional  group  (-OH)  of  the  ZnO/ 
PtC  catalysts  surface  (contained  the  ZnO/PtC-30  s,  ZnO/PtC-60  s, 
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and  ZnO/PtC-90  s  samples)  was  demonstrated  by  the  FTIR,  by 
which  it  is  demonstrated  that  the  ZnO/PtC  catalysts  have  the  Lewis 
acid  sites.  Fig.  5  shows  that  the  peaks  of  the  (—OH)  group  and  the 
hydrophobic  group  (C-H)  were  observed  at  3200-3600  nm  and 
2850-2960  nm,  respectively.  Compared  with  the  two  peaks,  the 
intensity  of  the  hydrophilic  group  (—OH)  increased  with  increased 
amount  of  ZnO,  signifying  hydrophilic  addition.  This  result  agreed 
with  that  of  the  water  contact  angle  of  the  ZnO/PtC  catalyst,  thereby 
assistance  confirming  that  the  wettability  of  the  ZnO/PtC  catalyst 
layers  can  be  improved  by  ZnO  nanoparticle  addition. 

3.4.  Single-cell  polarization  test 

The  ideal  water  management  can  improve  the  MEA  perfor¬ 
mance.  In  the  single-cell  polarization  test,  the  polarization  curves  of 
four  different  MEAs  were  performed  at  various  anode  humidifier 
temperatures  (25,  45,  and  65  °C),  as  shown  in  Fig.  6a— c,  respec¬ 
tively.  Both  cell  and  cathode  humidifier  temperatures  were  main¬ 
tained  at  60  and  65  °C,  respectively.  Table  3  lists  the  maximum 
current  density  and  power  density  of  these  MEAs. 

Fig.  6a  shows  that  at  the  cell  voltage  of  0.6  V  under  an  anode 
humidification  temperature  of  25  °C,  the  order  of  the  current 
density  was  MEA60  >  MEA30  >  MEA90  >  MEA0.  This  result  indi¬ 
cated  that  the  hygroscopic  characteristic  of  the  ZnO  nanoparticles 
adsorbs  the  water  molecule,  from  the  back  diffusion  of  water  vapor, 
to  increase  the  wettability  of  the  anode  catalyst  layer.  Thereby,  the 
MEA  performance  was  improved  under  low  humidification.  MEA60 
exhibited  the  best  performance  among  the  MEAs.  The  result  sug¬ 
gested  that  the  proper  water  molecule  absorbability  of  MEA  affected 


its  performance.  The  results  of  the  water  contact  angle  analysis 
demonstrated  that  the  anode  hygroscopic  ability  of  MEA60  was 
better  and  lower  than  that  of  MEA30  and  MEA90,  respectively.  The 
low  water  molecule  absorbability  of  MEA30  did  not  maintain  the 
suitable  wettability  of  the  proton  exchange  membrane  [39-41  ].  The 
high  water  molecule  absorbability  of  MEA90  and  the  movable  route 
of  fuel  in  the  gas  diffusion  layer  were  likely  blocked  by  the  overflow 
water.  The  Zn2+  ions  could  be  more  easily  exchanged  with  the 
sulfonic  groups  in  contact  with  the  Nation  membrane  to  reduce  its 
proton  exchange  capacity  under  the  watery  condition.  The  three 
phenomena  did  not  enhance  MEA  performance.  According  to 
previous  speculation,  the  hygroscopic  characteristic  ZnO  nano¬ 
particles  added  to  the  anode  catalyst  layer  is  not  a  main  factor  for 
improving  the  cell  performance  because  if  so,  then  the  cell  perfor¬ 
mance  should  be  enhanced  with  increased  amount  of  ZnO  nano¬ 
particle  additive.  Fig.  6b  shows  the  polarization  curves  with  the 
anode  humidification  temperatures  at  45  °C.  The  current  density  of 
the  MEAs  at  the  cell  voltage  of  0.6  V  followed  the  order  of 
MEA30  >  MEA60  >  MEA0  >  MEA90.  MEA30  exhibited  the  highest 
current  density  among  the  MEAs  at  45  °C.  The  excessive  amounts  of 
ZnO  nanoparticles  added  to  the  MEA60  and  MEA90  (0.53  wt.%  and 
0.71  wt.%,  respectively)  could  easily  aggregate  on  the  catalyst  layers 
and  absorb  more  water  molecules  to  block  the  transport  route  of  the 
fuel  or  protons,  and  thus  created  higher  internal  resistance.  As 
a  result,  the  phenomenon  of  Zn2+  ions  exchanging  with  the  sulfonic 
groups  of  MEA90  became  more  serious.  These  factors  could  cause 
the  decreased  cell  performance  under  the  humidity  condition, 
by  which  MEA90  led  to  the  worst  performance.  Furthermore, 
a  higher  humidity  in  anode  was  provided  through  a  higher  anode 


Fig.  2.  FE-SEM  images  of  (a)  20  wt.%  PtC,  (b)  ZnO/PtC-30  s,  (c)  ZnO/PtC-60  s,  and  (d)  ZnO/PtC-90  s  catalysts.  The  content  of  other  SEM  images  are  (e)  ZnO/Si  substrate-30  s,  (f)  ZnO/Si 
substrate-60  s,  and  (g)  ZnO/Si  substrate-90  s. 
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Fig.  3.  TEM  micrographs  of  (a)  20  wt.%  PtC  and  (b)  ZnO/Si02  (substrate),  (c)  Selected  area  diffraction  of  ZnO  nanoparticles. 


humidification  temperature.  At  a  cell  voltage  of  0.6  V,  the  current 
density  with  an  anode  humidification  temperature  of  45  °C  was 
higher  than  the  current  density  at  25  °C,  especially  the  MEA30, 
which  shows  a  nearly  0.1  A  cm-2  increase  in  current  density.  Fig.  6c 
shows  the  polarization  curves  of  the  MEAs  with  the  anode  humid¬ 
ification  at  65  °C  (fully  humidified  condition),  whose  the  current 
density  followed  the  order  MEA60  >  MEA30  >  MEAO  =  MEA90  in  a 
small  current  density  (voltage  above  0.6  V).  The  performances  of 
the  MEA30  and  MEA60  with  the  anode  low  humidification  (45  °C) 
to  fully  humidified  condition  (65  °C),  which  were  improved 
0.12  A  cm-2  and  0.05  A  cm-2  at  0.6  V,  respectively.  The  result 
indicates  that  the  humidification  ability  of  the  positive  catalyst  layer 


Table  2 

Pt  and  Zn  contents  in  the  ZnO/PtC  catalysts  and  weight  percentage  of  ZnO  in  ZnO/ 
PtC. 


Catalyst 

samples 

Pt  (ppm) 

Zn 

(ppm) 

ZnO  (ppm) 
by  stoichiometry 
estimate 

The  weight 
percentage  of 

ZnO  in  ZnO/PtC  (wt.%) 

ZnO/PtC-30  s 

60.2 

1.11 

1.38 

0.46 

ZnO/PtC-60  s 

58.1 

1.24 

1.54 

0.53 

ZnO/PtC-90  s 

60.6 

1.74 

2.17 

0.71 

of  the  MEA60  was  better  than  that  of  the  MEA30.  Hence,  the 
hygroscopic  ZnO/PtC-60  s  catalyst  could  increase  the  ion  conduc¬ 
tivity  to  improve  the  cell  performance  even  more  than  that  of  the 
hygroscopic  ZnO/PtC-30  s  catalyst.  The  performance  of  the  MEA90 
was  remarkably  decreased  as  a  result  of  the  flooding  condition  and 
the  poisoned  sulfonic  groups. 

From  the  polarization  curves  in  Fig.  6a— c,  the  activation  polar¬ 
ization  zone  clearly  indicates  that  the  hydrogen  oxidation  reaction 
is  facile  because  of  the  improvement  in  the  wettability  of  electro¬ 
catalyst  layer  with  3-D  structure  by  the  anode  humidification  and 
the  water  back  diffusion  from  the  cathode.  A  typical  expression  for 
the  cell  voltage  FCeii  is  given  by  Yousfi-Steiner  et  al.  [42].  The 
equation  (1)  could  be  used  to  explain  which  term  had  been 
improved  in  the  humidified  condition. 

^cell  =  —  Va,act  ~  Vc,act  ~  ViR  ~  ^?a,conc  —  Vc,conc  (O 

where  F°  is  the  standard  electromotive  potential  of  the  cell,  ^a,act 
the  anode  activation  over-potential,  ^c,act  the  cathode  activation 
over-potential,  rji r  the  internal  resistance  over-potential,  ^a,conc  the 
anode  concentration  over-potential,  and  r]CtConc  the  cathode 
concentration  over-potential.  Humidification  level  of  the  cell  affects 
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Fig.  4.  Contact  angle  measurement  using  water  droplets  on  the  ZnO/PtC  catalyst 
layers;  (a)  PtC,  (b)  ZnO/PtC-30  s,  (c)  ZnO/PtC-60  s,  and  (d)  ZnO/PtC-90  s. 


the  ionic  conductivity  of  the  anode,  cathode,  and  membrane.  The 
facile  proton  and  water  migration  reduce  the  loss  of  activation  and 
internal  over-potential  and  thus  improve  the  performance  of  the 
single  cell.  This  means  that  ^a,act»  Vc,acb  and  are  subject  to  the 
influence  of  the  cell  humidification  in  above  0.6  V. 

In  a  large  current  density  (voltage  below  0.6  V),  the  current 
density  followed  the  order  MEA30  >  MEA60  >  MEAO  =  MEA90,  as 
shown  in  Fig.  6(c).  The  current  density  at  cell  voltages  below  0.6  V 
was  mainly  affected  by  ohmic  and  concentration  polarization  los¬ 
ses.  To  achieve  suitable  wettability  for  an  anodic  catalyst,  the  ionic 
resistance  of  a  single  cell  needs  to  be  reduced  [28,29].  However,  the 


4000  3600  3200  2800  2400  2000  1600  1200  800 
Wave  number  (cm’1) 

Fig.  5.  FTIR  curves  of  (a)  ZnO/PtC-30  s,  (b)  ZnO/PtC-60  s,  and  (c)  ZnO/PtC-90  s  catalysts. 


excess  ZnO  nanoparticles  aggregated,  had  high  resistance,  and 
poisoned  the  sulfonic  groups.  As  a  result,  the  excess  ZnO  nano¬ 
particles  hindered  ion  migration  and  increased  the  ionic  resistance. 
They  also  block  the  diffusion  of  hydrogen  and  water  vapor  to  extend 
the  distance  of  the  gas  diffusion  route,  thereby  worsening  the 
entire  reaction  rate  and  cell  performance.  Therefore,  the  perfor¬ 
mance  of  MEA30  was  better  than  those  of  MEA60  and  MEA90.  For 
higher  hydration  levels,  the  wettability  of  the  anode  activity  cata¬ 
lyst  layer  can  be  achieved  at  a  higher  anode  humidification 
temperature,  as  reported  by  B.  M.  Mahan  and  R.  J.  Myers  [43].  The 
saturation  pressure  of  water  vapor  rapidly  increases  from  50  °C.  The 
amount  of  water  in  the  anode  provided  by  the  anode  humidifier  set 
at  65  °C  was  much  higher  than  that  at  25  and  45  °C.  Table  4  listed 
the  saturation  pressure  of  water  vapor  at  25,  45,  and  65  °C.  For 
MEA90,  the  negative  effect  caused  by  the  higher  ZnO  nanoparticle 
content  increased  and  the  positive  influence  that  induced  the 
better  wettability  of  the  catalyst  layer  improved.  The  current 
density  of  MEA90  decreased  with  increased  anode  humidifier 
temperature,  and  then  decreased  to  become  lower  than  that  of 
MEAO  at  the  anode  humidifier  temperature  of  65  °C.  This 
phenomenon  indicated  water  flooding  at  the  anode,  which  accu¬ 
mulated  excess  water  within  the  channels  of  the  bipolar  plate. 

The  cell  performance  of  the  ZnO  nanoparticles  added  to  a  MEA  is 
mainly  determined  by  a  competition  mechanism  containing  the 
positive  effect  caused  by  the  enhanced  wettability  of  the  anodic 
catalyst  layer,  the  negative  effect  induced  by  the  aggregation  and 
intrinsic  resistance  of  the  excessive  ZnO  nanoparticles,  and  the 
probable  poisoning  of  the  sulfonic  groups  of  the  Nation  membrane 
caused  by  the  Zn2+  ions.  The  combination  effect  of  ZnO  nano¬ 
particle  addition  to  the  internal  cell  resistance  was  studied.  The 
internal  cell  resistance  could  be  regarded  as  the  sum  of  the  ionic 
resistance  of  the  membrane,  ionic  resistance  of  the  ionomer  in  the 
catalyst  layer,  and  electrical  resistance  of  the  ZnO  particles.  Ionic 
resistance  was  affected  by  the  wettability  of  the  anode  catalyst 
layer  and  the  amount  of  water  provided  by  the  anode  humidifier. 
The  electronic  resistance  of  the  anode  catalyst  layer  was  deter¬ 
mined  by  the  added  amount  of  ZnO  nanoparticles.  A  simplified 
semi-empirical  equation  (2)  given  by  Tu  et  al.  [44]  was  adopted  to 
estimate  the  internal  resistance  of  the  single  cell  from  the  polari¬ 
zation  curves. 
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Current  density  (A  cm  ^) 


Fig.  6.  Polarization  curves  of  MEAs  at  different  anode  humidifier  temperatures  of  (a) 
25,  (b)  45,  and  (c)  65  °C  with  the  cathode  humidifier  and  cell  temperatures  kept  at  65 
and  60  °C,  respectively. 

E  =  A  —  B  x  Ini  —  R  x  i  (2) 

where  R  equals  to  the  internal  cell  resistance,  R  i  denotes  the 
internal  resistance  over-potential  as  given  by  is  equation  (1), 
while  B  is  an  overall  Tafel  slope.  The  B  x  Ini  is  equivalent  to  the 
electrode  activation  overpotential  (?7a,act  ±  ?7c,act)  in  equation  (1 ).  A  is 
a  constant  depending  on  E°  and  the  exchange  current  density.  The 
presumable  value  of  electrode  resistance  is  obtained  by  the  curve 
fitting  of  a  set  of  cell  potential  (E)  and  current  (i)  data.  Fig.  7  shows 
the  calculated  internal  resistance  of  the  MEAs.  The  internal  resis¬ 
tances  of  the  MEAs  with  added  ZnO  nanoparticles  were  lower  than 
those  without  ZnO  nanoparticles  under  the  same  operating 
temperature.  This  finding  can  be  ascribed  to  the  improved  wetta¬ 
bility  of  the  catalyst  layer,  decreased  ionic  resistance,  with  ZnO 


Table  3 

MEA  performances  under  different  anode  humidifier  temperatures. 


Operation 
temperature  (°C) 

MEA 

sample 

Anode  catalyst 

Maximum 
current  density 

(A  cm-2) 

Maximum 
power  density 
(W  cm-2) 

25  °C— 60  °C— 65  °C 

MEAO 

20wt.%  PtC 

0.8379 

0.1331 

MEA30 

ZnO/PtC-30  s 

1.2604 

0.2022 

MEA60 

ZnO/PtC-60  s 

1.3515 

0.2565 

MEA90 

ZnO/PtC-90  s 

1.1661 

0.1864 

45  °C— 60  °C— 65  °C 

MEAO 

20wt.%  PtC 

1.0551 

0.1895 

MEA30 

ZnO/PtC-30  s 

1.5128 

0.2726 

MEA60 

ZnO/PtC-60  s 

1.4519 

0.2463 

MEA90 

ZnO/PtC-90  s 

1.1302 

0.1778 

65  °C— 60  °C— 65  °C 

MEAO 

20wt.%  PtC 

1.1229 

0.2489 

MEA30 

ZnO/PtC-30  s 

1.5386 

0.3127 

MEA60 

ZnO/PtC-60  s 

1.4737 

0.3066 

MEA90 

ZnO/PtC-90  s 

1.1194 

0.2381 

Table  4 

Saturation  vapor  pressure  of  water. 


Temperature  (°C) 

Pressure  (kPa) 

25  °C 

3.169 

45  °C 

9.589 

65  °C 

25.022 

nanoparticle  addition.  MEA30  with  0.46  wt.%  ZnO  nanoparticles 
had  the  lowest  internal  resistance  at  the  anode  humidification 
temperatures  of  45  °C  and  65  °C.  The  excessive  amounts  of  ZnO 
nanoparticles  in  MEA60  and  MEA90  aggregated  the  particles, 
enhanced  intrinsic  resistance  (electronic  resistance),  and  poisoned 
the  sulfonic  groups  of  the  Nation  membrane,  which  increased  the 
internal  resistance.  The  ionic  resistance  and  the  electronic  resis¬ 
tance  of  MEA  could  be  estimated  to  control  the  performance  of 
single  cell. 

Overall,  MEA60  had  the  highest  power  density  of  0.26  W  cm-2 
among  all  the  MEAs  at  25  °C  of  anode  humidifier  temperature, 
which  was  92.71%  higher  than  that  of  MEAO.  At  45  and  65  °C  of 
anode  humidifier  temperatures,  the  maximum  power  densities 
of  MEA30  were  43.85%  and  25.78%,  respectively,  higher  than  those 
of  the  MEAO.  These  results  indicated  that  the  proper  combination 
of  suitable  hygroscopic  ZnO  nanoparticles,  uniformity  of  ZnO 


Fig.  7.  Internal  resistance  vs.  ZnO/PtC  addition  curves  at  different  anode  humidifier 
temperatures  at  the  cathode  humidifier  temperature  of  65  °C  and  cell  temperature  of 
60  °C,  containing  the  schematic  curves  of  the  combination  effect  of  ionic  resistance  and 
electronic  resistance. 
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nanoparticle  distribution,  and  anode  humidifier  temperature  yields 
the  best  MEA  performance. 

4.  Conclusion 

ZnO  nanoparticles  with  spherical  morphology  and  particle  sizes 
from  ca.  5-20  nm  were  well  coated  on  PtC  catalyst  layer  by  sputter 
deposition,  as  revealed  by  SEM  micrographs.  XRD  and  SAD  patterns 
confirmed  the  hexagonal  structure  of  ZnO  nanoparticles.  The  ZnO 
content  of  the  ZnO/PtC  nanocomposition  increased  with  increased 
sputter  deposition  time.  The  water  contact  angles  of  the  anode 
catalyst  layers  with  added  ZnO  nanoparticles  (0.46  wt.%,  0.53  wt.%, 
and  0.71  wt.%)  became  smaller  (41.17oo^o33.08oo^o13.75°).  The 
hygroscopic  ability  of  the  ZnO/PtC  composition  improved.  FTIR 
spectroscopy  also  demonstrated  that  the  characteristic  -OH  wave 
number  of  the  resulting  ZnO/PtC  composition  showed  a  hygro¬ 
scopic  ability  following  increased  ZnO  addition.  Among  all  MEA 
specimens  with  added  hygroscopic  ZnO  nanoparticles  to  the  anode 
catalyst  layer,  MEA60  with  0.53  wt.%  ZnO  nanoparticles  exhibited 
the  maximum  current  density  of  60.71%,  higher  than  that  of  the 
MEA0  without  ZnO  nanoparticles  at  the  anode  humidifier 
temperatures  25  °C.  MEA30  with  0.45  wt.%  ZnO  nanoparticle 
exhibited  maximum  current  densities  of  43.80%  and  36.60%,  higher 
than  those  without  ZnO  nanoparticles  at  the  anode  humidifier 
temperatures  45  and  65  °C,  respectively.  Cell  performance  was 
determined  by  a  competition  mechanism  between  the  positive 
effect  wettability  and  negative  effect  electrical  resistance  of  the 
anode  catalyst  layer,  which  great  influenced  the  internal  resistance. 
A  balanced  condition  between  the  wettability  and  electrical  resis¬ 
tance  of  the  anode  catalyst  layer  with  added  hygroscopic  ZnO 
nanoparticles  led  to  the  best  MEA  performance. 
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